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ABSTRACT 


A maintenance system is built on preventive and corrective mainten- 
ance. Of these two, preventive maintenance is that which permits planning 
in advance. It is based on scheduled treatments done at different levels 
and at different frequencies. 

In tanks in action, preventive maintenance done at the intermediate 
level has the greatest influence on the efficiency of the maintenance 
system. In this study, the efficiency of the maintenance system will be 
checked by performing a controlled experiment, using different intervals 
between planned treatments at the intermediate level. 

The basis of the mathematical model developed is the assumption that 
a change in the frequency of treatment will cause a change in the number 
of failures. The model also takes into consideration other variables, 
such as mean time between maintenance (both preventive and corrective) 
and total number of treatments, subject to the constraints of availability 
and reliability. In addition, a method is presented for determining the 
optimum sample size for such an experiment. 

The objective of the experiment, after collecting data and applying 
the mathematical model to the data, is to determine the optimal mainten- 
ance system--that system which yields the best ratio of combat effective- 
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I. INTRODUCTION 


The ability of an armored corps to accomplish its operational mis- 
Sion relies, in addition to its operational performance capability, on 
its ability to perform when needed (availability) and for the duratton 
of the assigned mtsston (reliability). 

Armed forces on the front lines, including tanks, are expected to 
be able to perform combat missions after a short warning time. For tanks, 
this means that a significant number of vehicles must be available, and 
each vehicle must be ready to carry out its assignments for a long per- 
iod. This fact, and the fact that the modern tank is a complicated sys- 
tem which must operate under difficult environmental conditions, offer 
the maintainability designer a complex and challenging problem. The 
problems of availability, reliability, and maintainability are further 
complicated by the fact that not all tanks will be at the same level of 
reliability at any given moment. 

In most modern armies under peacetime conditions, a certain percen- 
tage of the tank force will be in storage or in overhaul, or will be 
otherwise unavailable at the operating sites. Most of these tanks may be 
presumed to be at similar levels of reliability. The remaining tanks are 
occupied performing various operational and training missions, and, as a 
result, they do not all have the same level of reliability as those in 
storage. Each tank has its own level of reliability. 

Taking into account the fact that these tanks have to join the order 
of battle as well as those tanks coming out of storage, the maintenance 


concept must provide for a way in which the tanks will stand up to 
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operational requirements even though they have different levels of relia- 
bility and availability. During a war, a similar but even more demanding 
condition prevails, since preventive and corrective maintenance must be 
done during the action and close to the front lines. 

In the Israeli Armor Corps, which stays on the line of confrontation 
for long periods of time and which must maintain high availability levels, 
the determination of when to perform preventive maintenance, and how much 
effort to put into it, is of prime importance, especially when most of 
the tanks are operating daily and the cost of maintenance is high. Once 
the preventive maintenance policy is established, it is, for technical 
and organizational reasons, very difficult to change, despite the fact 
that there are many changes in operational requirements, maintenance 
costs, and the equipment itself. Therefore, it is important to reexamine 
from time to time whether the current policy meets operational demands 
at minimum cost. 

The factors which should be examined by the developer of the main- 
tenance policy can be divided into two groups: 

(1) factors which are dictated to the designer, such as reliability 
and availability requirements, rate of training, cost of main- 
tenance, and technical data; 

(2) factors which the designer must consider based on past experi- 
ence and development tests, such as service life, distribution 
of tank components, and the impact of preventive maintenance on 


the reliability of the tank. 
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A. OBJECTIVE 


The objective of this thesis is to develop a mathematical model which 
will enable the evaluation of an existing maintenance policy for tanks, 
or which will assist in the development of a new, optimal policy. Although 
the model deals specifically with tanks, it can be applied to other sys- 
tems to which a preventive maintenance and overhaul policy is applicable, 


such as airplanes, ships, and other ground vehicles. 


B. BACKGROUND 


In order to determine what information is of importance in designing 
for maintainability, it is necessary to delineate those factors which, 
when combined, make up maintenance tasks or actions. Maintenance activi- 
ties may be partitioned into two major subsets: preventive maintenance 
and corrective maintenance. 

Preventive matntenance is that maintenance performed, vreferably on 
a scheduled basis, for the purpose of maintaining the tank in a satis- 
factory operating condition. It includes periodic tests, monitoring, 
servicing, and inspection. It is performed in the units, in intermediate 
workshops, and even in the depot, where overhauls are part of the pre- 
ventive maintenance cycle. 

Corrective matntenance is that maintenance performed to restore the 
tank to operating condition after a failure or other malfunction has 
occurred. Corrective maintenance includes fault detection, diagnosis, 
correction and verification. It is a critical area, because it involves 
the restoration of items which have failed to an operable state, often 


during a mission and within a relatively short time period. 
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PRIMARY SUBSETS OF MAINTENANCE ACTIVITIES 
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Figure 1 


iS 





It is evident that time is the critical parameter in maintenance 
pomeyoeend, thererore, an essential factor in maintainability design. 
Time enters maintainability considerations in two ways: 

(1) ain terms of long-term, or life, characteristics, and time be- 

tween overhauls; 

(2) in terms of short-term characteristics: the ability to keep an 
operating tank in operation (preventive maintenance), or to re- 
store an inoperable tank to operational status (corrective 
maintenance). 

Design for maintainability must include both preventive and correc- 
tive maintenance considerations. Because corrective maintenance is a 
function of preventive maintenance, and also because preventive mainten- 
ance is based on the concept of planning ahead, it 1s proper to commence 
the design of a maintenance policy with an evaluation of preventive 
maintenance. 

In the Israeli army (as in the U.S. army), preventive maintenance 
Pumet1ons are performed on three levels: 

(1) Organizational 

(2) Intermediate 

(3) Depot 

Organtzattonal matntenanee is performed at the operational site (in 
the field). Generally, it includes tasks performed by the using organi- 
zation on its own equipment. Organizational-level personnel are usually 
involved with the operation of the tanks, and have minimum time available 
for detailed system maintenance. Maintenance at this level normally is 
limited to periodic checks of equipment performance, visual inspection, 


cleaning of equipment, external adjustment, removal and replacement of 
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some components, and some preventive servicing, such as changing oil and 
lubrication. Preventive maintenance carried out at this level is done 
with high frequency but takes only a short time. 

Intermediate matntenance tasks are performed by mobile (in wartime) 
and fixed workshops. At this level the equipment is repaired by the re- 
moval and replacement of major modules, such as removing the engine, 
dismantling the recoil mechanism of the gun, and the like. Workshop 
maintenance is scheduled regularly for each tank, primarily after a 
tank has accumulated a certain number of engine hours or a certain num- 
ber of months in the field. After such workshop preventive maintenance 
has been completed, the tank is returned to its operating unit and a new 
cycle is started. Maintenance tasks that cannot be performed at the lower 
levels, due to limited personnel skills and test equipment, are performed 
in the workshops. High personnel skills, additional test and support 
equipment, more spares, and better facilities often enable equipment re- 
pair down to the module and part level. 

Depot matntenance constitutes the highest level of maintenance, and 
Supports the accomplishment of tasks beyond the capabilities available 
at the intermediate level. The depot level of maintenance includes the 
complete overhaul, rebuilding, and calibration of the tank. The depot 
can also perform other highly complex maintenance functions. Depot main- 
tenance is scheduled regularly for each tank, but with low frequency be- 
cause it generally takes so much time. For the purposes of this thesis, 
the interval between two successive trips to the depot will be defined 


as the active operating cycle of the tank. 
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Today, in the Israeli army, the preventive maintenance accomplished 
at the intermediate level is divided into two main treatments, called 
Treatment F and Treatment G. The table below, although it does not rep- 
resent a real situation, is approximately representative of the interval 


between preventive maintenance treatments. 


Level of at Mot Cost 
Preventive Maintenance Engine Hours Days Working Days 
Organizational 5-10 1 30 
incvermediate: 
imeatnent™ F 200 ii 500 
Treatment G 200 14 900 
Depot 600 40 2,000 


Table 1: Matntenanee Intervals 


Since the purpose of the preventive maintenance treatment which takes 
place at the intermediate level is to assure continuity of the operational 
capability of the tank, and not necessarily to repair a failure (that being 
the function of corrective maintenance), the main factor which dictates 
the efficiency of preventive maintenance in the life cycle of a tank is 
the treatment itself, together with the interval between the performance 
of preventive maintenance services at the intermediate level. A long 
interval between G services will, on the one hand, reduce preventive 
Maintenance cost and can increase the effective operational mean-time- 
between preventive maintenance eee but, on the other hand, it might 
result in a decrease in reliability and availability and thus increase 


the need for corrective maintenance. 
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An example of a preventive maintenance time cycle between depot treat- 
ments (overhaul) is shown in Figure 2, where the letters "F" and "'G" rep- 


resent Treatments F and G, respectively. 


DEPOT F G F G DEPOT 
corr. corr. corr. corr. corr. 
matnt. matnt. matnt. matnt. matnt. 


Figure 2: Preventive Matntenance Time Cycle 


The main problem is to find the right trade-off between maintenance 
cost and the reliability/availability requirement, including the trade- 
off concerned with the decision as to whether a particular failure should 
be inhibited by means of preventive maintenance action or repaired by 
corrective maintenance action upon failure. Among other considerations, 
this trade-off is a function of failure modes, effects, and criticality, 
failure frequency, failure distribution, and mission and operational re- 


quirements. 


G2 THESIS APPROACH 


Since the operational requirements are dictated by mission needs 
(from highest levels), the design of the maintenance policy will depend 
primarily on the impact that preventive maintenance has on operational 
requirements. Evaluation of the life cycle distribution of the tank com- 
ponents and the tank as a whole can be accomplished by performing an 


experiment . 
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In order to perform a controlled experiment and to evaluate the data, 
one should take the following steps: 

(1) Define the operational policy objectives 

(2) Define the main parameters that influence availability of the 

tank 

(3) Design a test for estimating the parameters 

(4) Perform the test and gather data 

(S) Perform statistical analysis on the data 

(6) Select feasible maintenance policies 

(7) Determine the optimal policy 

This study is concerned with the development of a model for defining 
the preventive maintenance problem. Such a model can help develop solu- 
tions to preventive maintenance policy problems. The study deals mainly 
with the first three steps enumerated above: defining the objective and 
designing the experiment. An appropriate design for an experiment to 
estimate the parameters which characterize the maintenance life length 
of a tank will involve a preliminary decision as to how to use the data 
gathered during the experiment. For this purpose, a basic model is con- 
structed. After gathering the required data, on the basis of this model, 
the maintenance policy can be decided. 

In order to construct the basic model, the maintenance policy of 
the Israeli army has been used. One may use any similar system to con- 
struct the basic model, or may use this basic model on each system which 


has a preventive maintenance cycle. 
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II. THE BASIC MATHEMATICAL MODEL 


A. BASIC ASSUMPTIONS 


N = Total number of tanks 

No = Tanks in operation that are actually qualified 

‘i Tanks in operation, including corrective maintenance and Treatment F 
Ne = Tanks in Treatment G 

N, = Tanks in depot 

TF = Tanks in storage 


) N, = N (1) 


Notes: (1) We can, for a given maintenance policy, find the relationship 
among the various N's. 
(2) The N; tanks in status 2 can be divided into K sub-groups ac- 
cording to the different kinds of tanks and different kinds 


of operation. 


In this study we will concentrate on only one kind of tank and one 
kind of operation. Furthermore, we will assume that each of the tanks of 
the N; group will operate, on the average, © engine-hours per day. 


B. MAINTENANCE POLICY 


The maintenance concept on which this study is based is the ie Bek, con- 


cept,'' namely: Treatment G will be accomplished every by engine-hours or 
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every e months, whichever comes first. Treatment F will be performed at 
intervals between two Treatments G. If the number of Treatments F taking 
place between two consecutive Treatments G is m-1, where m is the number 
of intervals, then Treatment F is performed each in) engine hours or 
(S02, /m) days. 

The policy will be: 


T 


= ee ost ee 
ve = ane | : : SOT, } v2) 


Alternatively, if x, is a random variable of the engine hours in the tth 


t 


day of operation, then: 


= min { a: SOT. } (3) 


z 
T a 
days a t= y 
The expected value of the interval between two consecutive Treatments G 
fon @€ach tank will be E(t), and the rate of Treatments G will be y = 1/E(¢). 


Pec yplcal cycle with m-1 = 1 is given in Figure 3, where do is the time 


to accomplish Treatment G, de is the time to accomplish Treatment F, and 





d, 1s the time to accomplish corrective maintenance. 
Irtmt. Trim. 
os dy F dy ay G 
« di. -> ae 
End of : : 
Treatment G 
2 


Figure 3: Typteal Treatment Cycle 
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We may assume that the number of tanks receiving Treatment G at any 


given moment is given by: 


i Ni yd , (4) 


Also, we define X as a failure rate, indicating the frequency with which 


malfunctions and failures occur, as follows: 
h} = 1/MTBF. (S) 


If a tank accomplished m-1 Treatments F between two consecutive Treat- 
ments G, then we may define A(a;t), as a failure rate of the tank between 


two consecutive Treatments F, as a function of both: 


@ = engine hours since the last Treatment G, and 


C 


time elapsed since the last Treatment G. 
We assume that A(a;t) 1S a monotonic increasing function in both a and ¢; 
Poem, it | 1s the cycle length, A(T) is the failure rate in the most "diffi- 
bese period tor the tank, namely, just before its Treatment G. 

We define the availability, Ay? of a single tank in a given moment (a352) 
when it is not in treatment as the proportion of the time that the tank is 


imma condition of fitness: 


MTBF 1/d(a3%) 


eee EL 6 
‘(ast) ~ MIBE + MTTR (6) 


LAN so + d, 


Also, because X(T) is the worst maintenance condition that the tank is in, 


a basic requirement will be: 


TPC) 


A Seek nel 
(237) = arc) + a, 
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For a given maintenance policy ore themerstria sutIOnN of tanks ac- 
cording to time or engine hours will be given by the density function f(a;5t). 
Then, where \ is the average number of corrective maintenance actions in 


the given policy ee 


WinleseM(a;t)dade (8) 


*(1) : ca 


To solve this equation and to find we will use the relationship 


(T)” 


between time and average engine hours per day: 9. To illustrate the ap- 


proach, we may assume that: 


Bt 


Mast) = N(ai@y=e ~ )*' ., 
and if 
A(a) = cat 
and 
fla;t) = ais : = , 
then: 
any = L, L ie T° cat - @ ' )dade 





_ eTo? Se 
=) gs {T + z(e 1)} 


By combining all of the above, we can find the proportion of time 


that the tank is in operation between two Treatments G: 


: (m-1)d,. + dd eqy/* 


A. =1 


: =UL>- y (m-1)d,. = dX cry 


a 


Ze 





Ag 1s the availability of a single tank. Therefore, at any given 


moment, the number of tanks actually qualified is: 


N. = N.A : (9) 


fe OBJECTIVE FUNCTION 


The objective function of the maintenance policy is to minimize the 
Beau per Umit time between two successive Treatments G, with regard to 
reliability and availability constraints (which will be defined in Section 
Bmeoclow). The cost per cycle can be expressed as an actual cost, or by 
accumulating the time for preventive and corrective maintenance (down- 


time), where: 


Co = cost of one Treatment G 
Cr = cost of one Treatment F 
Cy = cost of one corrective maintenance 


The cost of a cycle of length T+d will then be: 


C = Cc. + (m-l)e, +ec,.¢=— . (10) 


T+d G r 
1 


t is obvious that any change in maintenance policy (t.e., an increase 
ee decrease in ted, values) will cause a change in preventive maintenance 
cost. From this it follows that the objective function can be defined in 
one of the two following ways: 

(1) Minimizing cost per unit time between two successive Treatments 6G, 

with average length of (l1/y + dq): 


emcees (meen (Ca / 7) 
ae {%, 6 | (11) 


l/y + ad, 
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(2) Minimizing the proportion of the average down-time in the interval 
between two Treatments G. In other words, maximizing the average 


availability in this interval: 


d.+ (m-l)d, + d,A/y 
min { one | (12) 


l/y + de 


D. CONSTRAINTS 


(1) The availability constraint for a single tank: The requirement is 
that, at any given moment, the availability of the tank will be equal to or 
greater than a given size, A. This availability is required for the worst 
case, namely, just before Treatment G. This is due to the assumption that 
some tanks will have to start the operation (war!) in this condition. 


For a given T, the constraint will be as follows: 


V/h (p) 


A : (13) 
ES 


> 

Gi SS 
r 

This requirement is very severe; we may ease it by letting i become 


smaller than T: 


1/r 
m,. 


x +a 
(T..) A 


lv 


A. , i <!) , (14) 


This means that for some tanks (those which passed T,); the average avail- 
ability will be lower than the required availability, A... 

(2) If the constraint is defined as the availability not only at a given 
moment (t.e., the outbreak of war) but after y hours from that moment, then 


we will define A’ as the required availability after y hours of operation: 
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1/A(T+y) ; 
1/A(T+y) + d, is fr) 


E. CONSTRAINT ON THE AVAILABILITY OF THE SYSTEM 


Definition of the constraint: The requirement is that, for a given 
confidence level l-a, from No tanks which are qualified to operate, at 
least kK tanks will still be qualified after x hours of operation (when 
No = NjA,)- 

We define Pa (2) dsethoumnobability that. out of Ne tanks, at least 


0 
k will be in operation after x hours from the beginning of the assignment. 
If F(t) is the distribution of the life length of the tanks, and if we 
assume that a hours have elapsed from the last Treatment G, then: 


P(t>z+a/t>a) = Fate) 5 (16) 


F(a) 


where F(a) = 1-F(a) = P(t>a). Therefore the constraint will be: 
N 


0 NY cer) d = Nd 
Ry (kx) = ) : {Fler {1 - Flats) : Sel tex & (17) 
0 jak VY F(a) F(a) 


For example, if we assume that the life distribution is exponential with 


parameter epy then the constraint will be: 


N es e 

0 (N ra = N.-7 

Ry (kz) = J i {ern} {1 : ent SS 12 fc Gl 
0 Jj=k 


Obviously, we can use other distributions in equation (17) to obtain the 


appropriate reliability. 
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Ill. DESIGNING THE EXPERIMENT 


A. DETERMINING THE SAMPLE SIZE 


To determine the sample size, we assume that the failure rate is expo- 
nentially distributed. (It should be emphasized that the model developed in 
Chapter II can be applied to any kind of distribution function. The analysis 
will be different, but the parameters and constraints will be applicable in 
any distribution. ) 

If the exponential Peet sation has parameter A(t), where ¢ is measured 
in engine hours, then the probability that no failure will occur during an 
mcerval of time s is: 


S 
sight )dt ee 


The probability that &X failures will occur during time s, according to 
Mio Poisson probability distribution, is: 
S 
Sen cj at 
P = pr (fsaceaere I , (20) 


and because of the assumption that the tanks are distributed homogeneously 


in the interval between zero and t, we define (with regard to engine hours): 
— let 5 
=_— 8S o all 

Ce) repent vas, (21) 


Or. 
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Te) = frts)ds (22) 


If x(2) is a Poisson random variable with parameter \(t)-t, then we can, 
by combining equations (20) and (22), find the probability that j failures 


mil occur in the time interval ¢: 


=ht =. .7 
Act 
Pa(t)=j] = 2 Yel (23) 
Based on the above, the required sample size will be: 
Pq [Cee a aT} (24) 


This requirement may be stated verbally as follows: The probability is 
greater than or equal to 1 - 6 that the parameter A*t is included in the 
interval {(x(t)-ad-t); (x(t)+ad°t)}. This interval is called the confi- 
@enee interval, and the quantity 1 - 6 is the confidence level. 


For the Poisson distribution, V{z(t)} = E{x(t)} = t-4, the require- 


ment will be: 


yin a ui Te aavee 


In our case, when the sample size is large enough, we can use the normal 
approximation, and the requirement for the sample size will be: 
ley? 


eS [1=8/21" os (26) , (27) 
= OL Yet ‘ 


ol ZS tees 


vex J 7 


022 n 


NO| O& 


AGE 





We can see that the sample size, like the confidence level and the 
confidence interval, is a function of the experiment length t and the 


average failure rate i. 


Be “METHOD OF SELECTING THE SAMPLE SIZE 


To determine the sample size (before the experiment), we need to esti- 
mate the failure rate A’ from existing data and to test the true failure 
rate X\(¢) for a desirable confidence limit, y. The experiment will con- 
Sist of sampling with repairs. It will be performed with m tanks until 
fimess, and during this period every failure that occurs will be correc- 
med. 

Let r. be the number of failures occurring in a tank during ty engine 
hours of an experiment. The maximum likelihood estimate for failure rate 


will be: 
ere (28) 


and if )r =r, then the two-sided confidence limits for a desirable (1-y) 
p 
confidence level are given by: 


Dg 2rA 
a a ey ee) 
2 


28 





IV. EXAMPLE EXPERIMENT 


In order to illustrate the use of the developed model, I will design 


a hypothetical experiment. As a basis for this experiment, four different 


alternative representations of the preventive maintenance cycle will be 


tested. By performing the experiment for each alternative, it will be 


possible to determine the failure rate A(a;t) as a function of time and 


engine hours from the last Treatment G. By using this failure rate and 


the mathematical model, it will be possible to decide which of the four 


alternatives represents the optimal maintenance policy. 


iitesdesign Of the CXperiment includes the following steps: 


(1) 
(2) 
(3) 


(4) 
(5) 
(6) 


Determining the maintenance concepts which will be tested 
Estimating the failure rate, taken from existing data (\’) 
Determining the specific sample size, and the duration of the 
experiment, for each alternative 

Determining the data to be collected 

Analyzing the data according to the model 


Determining the optimal alternative 


MAINTENANCE ALTERNATIVES 


In order to test different concepts in different ranges of engine hours 


and calendar time, the following four alternatives will be employed: 


(1) 


Treatment G will be performed every 200 engine hours or 18 months. 
One Treatment F will be performed midway between each two consecu- 


tive Treatments G. See Figure 4. 


Zo 


a 





0 100 hrs. 200 hrs. 300 hrs. 400 hrs. 
or or or or 
9 mos. 18 mos. 2/7 mos. 56 mos. 


Figure 4: Dtagram of Matntenance Alternative #1 


(2) Treatment G will be performed every 400 engine hours, and Treat- 


ment F will be performed every 100 engine hours. See Figure 5. 


0 100 hrs. 200 hrs. 300 hrs. 400 hrs. 


Figure 5: Dtragram of Matntenance Alternative #2 


(3) Treatment G will be performed every 200 engine hours or 18 months, 
whichever comes first. Treatment F will not be performed at all. 


Seoul louresG- 


G G G 
0 OO: ae 400 hrs. 
or or 
18 mos. 36 Mos. 


Figure 6: Dtagram of Maintenance Alternative #3 
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(4) Treatment G will be performed every 300 engine hours or 27 months, 
whichever comes first. Treatment F will be performed every 150 


engine hours. See Figure 7. 


G F G F G 
| 
0 150 hrs. 300 hrs. 450 hrs. 600 hrs. 
or or 
Z7 MOS: o¢ mos. 


Frgure 7: Dtagran of Matntenance Alternative #4 


In order to determine the failure rate under different maintenance 
conditions, we will use an existing maintenance concept and perform the 
experiment on operating tanks. For purposes of this illustration, we will 
assume that Alternative 71 is the existing maintenance concept. 

The tanks taking part in the experiment should be divided into sub- 
Seoups according to their condition at the outset of the experiment and 
gem lhenoth of the experiment: 

(1) Sub-group ec will operate from one Treatment G to the next with- 

out an intervening Treatment F--total 200 hours or 18 months. 
See Figure 8. By performing this experiment we can determine 


A(a;t) in this interval both before and after Treatment G. 


G G 
0 200 hrs. 
or 
18 mos. 


Figure 8: Sub-group n, 


al 





(3) 


Sub-group n, will operate as sub-group n, with a Treatment F 
inserted midway between successive Treatments G. By performing 
this experiment we can determine A(a;t) with the influence of 


Treatment F between two consecutive Treatments G. See Figure 9. 


G F G 
0 100 hrs. 200 hrs. 
or or 
9 mos. 18 mos. 


Figure 9: Sub-group n., 


Sub-group n. will begin the experiment immediately following a 
Treatment F, which in turn was immediately preceded by another 
Treatment F. This group will operate for 300 engine hours while 
Treatments F and G are performed at 100-hour intervals. See 

Figure 10. By performing this experiment, we can determine 4(q) 


from Treatment G until 400 engine hours. 


100 vars. 200 hrs. 300 hrs. 400 hrs. 100 hrs. 


duratton of ex- 
periment=300 hrs. 


Figure 10: Sub-group n, 


oe 





A bate 
= eer. C 


14 
= 





(4) 


(S) 


Sub-group ny, will consist of tanks which have accumulated 100 
engine hours since their last Treatment G. Treatment F will not 
be performed on these tanks, but they will be scheduled for 
Treatment G every 200 hours or 18 months, whichever comes first. 
The total duration of the experiment will be 300 hours or 27 
months. See Figure 11. By means of this experiment we can de- 


termine A(a@;t) using Treatment G only. 





G G 
100 hrs. 200 hrs. 400 hrs. 
or or or 
9 mos. 18 mos. 50 Mose 
300 hrs. 
San eee 
al TOs. 


Frgure 11: Sub-group mn, 


Sub-group ie will consist of tanks which have accumulated 100 
engine hours since their last Treatment G. We will allow these 
vehicles to accumulate another 50 engine hours, and will then 
perform a Treatment F; then, after another 150 engine hours, we 
will perform another Treatment G. See Figure 12. This experiment 
will enable us to determine A(a) as a function of time within a 


150-hcur maintenance interval. 





0 100 hrs. 150 hrs. 300 hrs. 


200 hrs ~ mm  — 


Figure 12: Sub-group n. 


B. ESTIMATING THE PARAMETERS WHICH INFLUENCE THE MAINTENANCE POLICY 


To determine the sample size, we should estimate the failure rate from 
a similar population of tanks (\’). In this example, the failure rate was 
calculated by observing the number of failures in a population of tanks 
Similar to the population that took part in the experiment. These failures 
were categorized in two ways: 

(1) According to the main systems of the tank in which they occurred 

--electrical, track/suspension, turret, and engine 

(2) According to whether they took place before or after Treatment F 
The failure data is presented in full in Appendix A. From it, we may derive 
the average failure rate, as follows: 

Indicator for average failure rate = (total failures)/(total hours ) 

Total hours before Treatment F = 527 

Total hours after Treatment F = 526 

Total hours = 1,055 

These failure rates are summarized in Table 2. Table 3 gives the value 
of the parameter pawe | for various values of a and 6, and Table 4 


gives sample sizes as a function of A’ and experiment length. 
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PAILURES 


Total | Electric Track Turret Engtne 
No. Rate iNo. Rate |No. Rate |No. Rate |No. Rate 


BEFORE 
AFTER 


Table 2: Fatlures by Categortes 


0.01 0.05 0.1 0.15 0.2 O25 
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Table 3: Z-Parameter Values for Various Values of a and & 
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Sample Stzes, n = [ 


Table 4 








fe DETERMINING THE SAMPLE SIZE 


In practice, determination of sample size is subject to the following 
considerations: 

: (1) The determination of the sample is based on the failure rate of 
the tank as a whole, and not on the failure rate of subsystems 
in the tank. It is possible to consider the failure rate of the 
Specific subsystems, but this would yield a larger sample size 
requirement. See, for example, Appendix B, in which sample sizes 
are calculated taking into account only electric system failures. 

(2) The number of tanks in the sample, for each of the alternatives, 
has been calculated in three ways: 

(a) for experiment length = 200 engine hours in all cases 
(b) for experiment length = 200 engine hours or 300 engine 
hours in those cases where the latter is desirable 
(c) for experiment length = 3500 engine hours in all cases 

(3) Values of a and 6 were determined for reasonable sample sizes 
(ae wmoe 041 and 0-5, 6 = 0-1), but 1t is possible to calcu- 


late sample size for each desirable value of a and 6 according 


to Tables 3 and 4. 


Table 5 demonstrates several alternatives for selecting sample size. 


o7 





LENGTH OF EXPERIMENT 
200 ere 200/300 hours 300 hours 


Nh 


WwW 


Dmg 


Becal tanks 
tn sample 


Tanks in Experiment 


Table 5: Sample Stzes by Sub-groups and Test Lengths 


Notes 6 = 0.1 im all cases 


LOCH ASO ace? 


o0 





200 200/300 300 


Length of experiment (engine hours) 


Figure 13: Graphite Deptetton of Data in Table 5 
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From Figure 13, which graphically depicts the data given in Table 5, 
it 1S apparent that the determination of sample size in any particular 
case depends on the required confidence interval, a, and on the length of 
the experiment. An experiment of 300 hours with 100-(l-a) = 85% will re- 
quire 48 tanks, while an experiment of 200 hours with 100-(l-a) = 90% 


will require 160 tanks. 


BD. DATA TO BE COLLECTED 


After determining the sample size and the length of the experiment, 
we may begin collecting data. The principal items of data are: 

(1) calendar time and engine hours from the beginning of the experi- 
ment until a failure appears, for each tank in the sample 

(2) total time the tank is not in operation due to the failure, from 
the moment the failure appears to the moment the tank goes back 
into service 

(3) net length of repair time and investment in parts and manpower 

(4) length of time involved in Treatment F and Treatment G, and in- 
vestment in parts and manpower 


(S) engine hours on a day-by-day basis for each tank (0) 


E. DATA ANALYSIS 


From the collected data, it will be possible to draw the following 
conclusions: 
(1) distribution of the failure rate function according to engine 


hours, A(a), and according to calendar time, A(t) 





(2) 
(3) 


(¢) 


average engine hours per day 
common distribution function \(a;t) from equation (8) for each 
of the different alternatives 
optimal maintenance policy from among the various alternatives 


presented 


OPTIMAL MAINTENANCE POLICY 


(1) 


(2) 


(3) 


According to the failure rate for each alternative, and relia- 
bility and availability constraints as dictated by operational 
requirements, it will be possible to check each of the alterna- 
tive solutions to see whether it meets availability constraints 
for a single tank, using equation (15). The non-feasible alter- 
natives will be discarded. 

The feasible alternatives should meet the reliability and availa- 
bility constraints of the whole system, as expressed by equation 
(17), to a confidence level dictated by the operational demands. 
After categorizing the relevant alternatives, it will be possi- 
ble to determine the optimal maintenance policy by using equa- 
One 2 


- do > (m-1)d,, + d,X/y 
: l/y + do 


Variables A and m are fixed by the experiment for each alterna- 
tive. Variables dos des and d, are determined by the repair data 
for each alternative collected during the experiment, and A can 


be calculated for each alternative. 
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The calculation of the optimal policy can be accomplished in the 


Same way on a cost basis, using equation (ll): 


as Co + (m-l)e,. =P ey h/y¥ 
l/y + d, 


4) 





V. SUMMARY AND CONCLUSIONS 


An optimal maintenance policy for tanks is one which meets, at minimum 
cost, the operational requirements. Any such policy will, of necessity, be 
subdivided into preventive and corrective maintenance. 

An operational tank, during the course of its life cycle, goes through 
a series of preventive maintenance services at different intervals and at 
different levels, and undergoes corrective maintenance whenever a failure 
occurs. In general, failures cannot be predicted in advance. In contrast, 
however, preventive maintenance can and should be planned in advance. Since 
maniure rates are dependent, in large measure, upon the frequency and type 
of preventive maintenance, an optimal maintenance policy can be constructed 
on the basis of preventive maintenance schedules and policies. 

Preventive maintenance operates on three main levels: organizational, 
intermediate, and depot. Depot treatment tends to be extensive, expensive, 
and infrequent; organizational maintenance, as a rule, is frequent but 
superficial. Therefore, as a basis for planning maintenance policy, we 
considered the intermediate level of maintenance. We estimated the prin- 
cipal parameters which influence maintenance policy, and used the inter- 
dependence among these parameters as the theoretical basis for the developed 
model. 

The main parameter which dictates the nature of preventive mainten- 
ance policy is the interval between two Treatments G--the main preventive 
Maintenance service which takes place at the intermediate level. This 
interval, in terms of engine hours or calendar time, largely determines 


the nature of the intervening Treatments F, and the distribution and nature 
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of corrective maintenance. It also has a great influence on availability, 
Beliability, and cost. The basic assumption, in short, is that failure 
rate 1s determined as a function of the interval between preventive main- 
Benance Services. 

Since failure distribution on the plane of time is a dependent vari- 
able and can be changed by any change in maintenance policy, it is neces- 
sary, in order to make a practical estimate of the failure rate 4 under 
different maintenance policies, to conduct a controlled experiment. In 
such an experiment, in addition to the practical failure rate, we may ob- 
serve other variables, such as corrective maintenance times, preventive 
Maintenance times, and cost. The experiment should be "controlled" in the 
sense that actual, operational tanks are used, with no change in the na- 
ture of their activity, the only variable being the interval between their 
preventive maintenance treatments. 

In order to perform such an experiment, and to obtain practical data 
from a minimum number of tanks and in a minimum amount of time, the model 
gives a method for selecting sample size as a function of experiment length 
and required level of accuracy. In principle, it is possible to choose, from 
among several alternative maintenance policies, that which 1S most cost- 


effective. 
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